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Abstract— This paper proposes a robust control strategy for a
hybrid battery/super capacitors power system with a single
converter. In such systems, it is required to smooth the battery
current considering the load power transient and the current
oscillations of the DC bus delivered by the load in the context of a
hybrid electric vehicle. Furthermore, constraints of all the system
components, i.e. maximum current of the battery and super
capacitors, state of the charge of the super capacitors and battery
temperature should be taken into account. To deal with these
demands, a novel cascaded voltage control loop is proposed. For
the outer voltage loop, an anti-windup proportional integral
controller is used to regulate the super capacitor voltage at its
nominal value. On the other hand, for the inner voltage loop, an
anti-windup super twisting controller is proposed to ensure the
convergence of the DC bus voltage to its reference value while
attenuating the external perturbation. Indeed, the specific feature
of such controller is that it works like a low-pass filter which
leads to attenuate the current oscillations in the DC bus.

Keywords—hybrid power system; anti-windup super twisting
controller; battery; super capacitors; disturbance rejection

I. INTRODUCTION

Over the last decade, environmental pollution and energy
shortages have become an increasing concern for the people
and the government in many countries. In order to deal with
these urgent issues, the adoption of hybrid electric vehicles
(HEV) is considered as one of the most hopeful strategies
nowadays [1-5]. The research on renewable energy storage
system plays a crucial role in hybrid electric vehicles,
especially the study on renewable energy sources, such as
battery (Bat), super capacitors (SCs), fuel cells, fly wheel and
so on [6-8]. Due to the high energy density of Bat and the high
power density of SCs, it is significant to integrate both of them
into a hybrid electrical system. The main energy source is
provided by the Bat while the SCs deal with the load transient
disturbance and power peak in sudden operations [9- 11].

Generally, the topologies of hybrid power system are
various and the main topologies can be divided into following
three categories: fully-active, semi-active and passive [12]. For
fully-active topology, there are two DC/DC converters and
each converter is connected to a power source. It results in
flexible control performance but it costs a lot for expenses. For
passive topology, no DC/DC converter is utilized so that it

costs least while it has the lowest controllability. Therefore, in
order to obtain an approving balance between the control
performance and economy, semi-active topology based on a
single converter is adopted in this paper. Moreover, several
control strategies have been adopted in hybrid power system
previously [13-17]. However, the solution of the disturbance
rejection is not considered for a single converter based Bat/
SCs system. Hence, developing a suitable control strategy for
rejecting the transient disturbance from the load current and
reducing oscillations of the Bat current is vital. As one of
popular non-linear controllers, sliding mode controller is a
robust controller in the presence of perturbation and
uncertainty conditions. Due to this reason, sliding mode
controller is an appropriate choice in our case. As one type of
sliding mode controllers, super twisting (ST) controller has the
feature like a low-pass filter to attenuate the oscillations in the
DC bus, so as to be adopted in this paper [18-24].

This paper is organized as following sections: First, in
section 11, the topology of the hybrid system based on the main
sources of Bat and SCs with a single converter is described.
Then, the control strategy based on anti-windup ST controller
and anti-windup proportional integral (PI) controller, and the
current limitation constraints of Bat and SCs are illustrated in
section Il1l. Next, in section 1V, the simulation results and
comparison discussions are presented to validate the
effectiveness of the proposed control strategy. Finally,
conclusions are presented in section V.

Il. HYBRID SYSTEM TOPOLOGY

The topology diagram of the Bat/ SCs system is shown in
Fig.1, in which a parallel structure with a single converter is

Fig. 1. Hybrid system topology
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As shown in Fig.1, the power sources of this hybrid
electrical system consist of the Bat modeled by a voltage
source and SCs modeled by a voltage source connected to a
pure inductor.

I1l. CONTROL STRATEGY

A. Description of the Control Structure

The proposed control structure in this paper is based on the
cascaded control loop with inner voltage loop and outer voltage
loop, as shown in Fig.2. The inner voltage loop and outer
voltage loop are based on anti-windup ST controller and anti-
windup PI controller respectively.
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Fig. 2. Control block diagram

As shown in Fig.2, any change in the current of the load
causes a variation of the DC bus voltage. It follows that the
current set point of the SCs will maintain the voltage of the DC
bus at its reference value. In order to maintain the state of
charge (SOC) of the SCs at its desired operating point, the Bat
current will be indirectly controlled by the variation of the DC
bus voltage.

Due to the fact that the current of SCs is controlled via a
DC/DC converter on the basis of its own current controller, the

reduced model of the hybrid system can be represented as
follows:
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The inner voltage loop aims at controlling the voltage of
DC bus via the current of SCs. As Fig.2 shows, any variation in
the DC bus voltage induces a new reference current value of
SCs. From (1), under the assumption that the current of the
load and the Bat is considered as disturbances compensated by
the control, the model is reduced as follows:
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The outer voltage loop aims at controlling the voltage of
SCs via controlling the Bat current indirectly and thereupon the
DC bus voltage, according to (3). Considering the infinitesimal
relationship of (3), the deduced equation is (6), as follows :

S (0) = =20 ®
I’bat
Subsequently, assuming that the dynamic of the inner
voltage loop is faster than the outer voltage loop, the DC bus
voltage is supposed to be equivalent with its reference voltage.
Hence, the following relationship can be obtained:

i (t): Toac (t)+ i;c (t) ()

Moreover, as illustrated in Fig.2, the anti-windup scheme
is added after each controller both in inner voltage loop and
outer voltage loop so as to avoid the saturation from the
integral term.

B. Inner Voltage Controller

In this paper, the inner voltage controller adopts ST
algorithm which is a kind of second order sliding mode
algorithm with the advantage of strong robustness in presence
of disturbance and uncertainty.

According to [18], the ST algorithm is defined as (8).
u=—Aals"”’ sign(s)—aj'sign(s)dt 8

In (8), s is sliding mode surface, A and a are control gains,
and sign(s) presents the sign function as shown in (9).
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In addition, U is defined as the reference current of SCs in
(8), and the sliding mode surface is defined as below:

S =Vprer =V (10)
Thus, (8) can be represented as follows:

g =—A4

scref

Varr =100 (Vs —, )= sign (v v, et (11

C. Outer Voltage Controller

As illustrated in Fig.2, the outer voltage loop is based on Pl
controller, which is designed as follows:

Voret = kp(vscref — Ve )+ kij-(vscref — Ve }jt
In (12), k, and k; are the gains of the proportional and
integral terms respectively.

(12)

D. Constraints of Battery and Super Capacitors Pack

1) Limitation of Battery Current: The limitation of Bat
current cannot be implemented directly by the command owing
to the fact that the load is linked to the Bat directly. In order to
limit the Bat current in the security range, the voltage of DC
bus needs to be regulated. Otherwise, the Bat pack may suffer
irreversible damage.

The voltage of DC bus is in a bounded range, as shown
below:

Vb € [Vb_min ! Vb_max:|

Within the above fixed interval, in order to limit the current
of the Bat in charge and discharge modes, the dynamic
thresholds of DC bus reference voltage calculated by the outer
voltage loop are defined as follows:

(13)

Vbref € [Vb_min_dyn ! Vb_max_dyn] (14)

During charge mode, if the Bat current reaches its
threshold oy jox cha + the mMaximum dynamic voltage

threshold V, will decrease so as to reduce the absolute

b_max_dyn
value of Bat current. Similarly, during discharge mode, if the
Bat current reaches the threshold i, .. g+ the minimum

dynamic  voltage threshold ~ Vj, ... 4, Will increase

correspondingly.

The above constraints of Bat current can be summarized as
(15) and (16), which are integrated in the anti-windup scheme
of the outer voltage loop, in order to prevent the saturation of
the integral term.

Vb_max_dyn = Voret T Kibat (ibat (t) - ibat_max_cha) (15)

Vb_min_dyn = Vbref + Kibat (ibat (t) - ibat_max_dis) (16)

2) Limitation of Super Capacitors Current:The principle
diagram of limiting the SCs is shown in Fig.3. The security
range of SCs voltage is shown below:

Vv, € [v

sc_min ’Vsc_max } (17)
In order to ensure the safe operation of SCs in charge and
discharge modes, within the above security range, the security

thresholds of SCs reference voltage are defined as below:

Vscref < ':VSCJOW ! Vscfhighjl (18)
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Fig. 3. Limitation of SCs current in charge and discharge modes

As shown in Fig.3, the blue curve represents the charge
mode while the red curve represents the discharge mode.

During charge mode, when the SCs voltage reachesV, 14,
the absolute value of SCs reference current will decrease

quickly until SCs voltage reachesV_ . . Similarly, during

discharge mode, if the SCs voltage reaches V. ,, . the
absolute value of SCs reference current will fall as well until

SCs voltage reaches Vi, ., -

The above constraints of SCs reference current are
summarized as (19) and (20), which are in the anti-windup
scheme of the inner voltage loop, in order to prevent the
saturation of the integral term.
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IV. SIMULATION RESULTS

The effectiveness of the proposed control strategy is
evaluated through simulation. The disturbance of the load
current is set as sinusoidal current perturbation with the
amplitude of 2A and the frequency of 7.5Hz. The main
parameters and values in the simulated system are listed in
Table.1.

TABLE I. MAIN SIMULATION PARAMETERS
Simulation Parameters Value
i -15A
Battery Current loat_rax_cha
Ibat_rmx_ dis 25A
Ve ref 125V
Super Capacitors Voltage v 136V
SC_max
Vsc min 625V
Vsc_high A
Voo tow 93.75V
V, 55.5V
DC Bus Voltage b_max
Vb min 39V

As shown in Fig.4, the simulation results in nominal mode
are obtained. In nominal mode, all the current values and
voltage values of this hybrid system are in the permitted
ranges. It can be observed from Fig.4 that the dynamic
thresholds of the DC bus reference voltage keep constant all
the time, which means the saturation and anti windup scheme
are not activated.
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Fig. 4. Simulation results in nominal mode

In Fig.5, when the Bat current reaches the maximum
current value (set as -15A in simulation) in charge mode, the
saturation and anti-windup scheme are activated. In order to
let the value of Bat current converge to -15A, the maximum
dynamic voltage threshold of DC bus voltage decreases.
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Fig. 5. Simulation results in charge mode

Similarly, as shown in Fig.6, when the Bat current reaches
its threshold (set as 25A in simulation) in discharge mode, the
saturation and anti-windup functions are activated as well. The
minimum dynamic voltage threshold of DC bus voltage
increases in order to limit the value of Bat current until
converging to 25A.
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Fig. 6. Simulation results in discharge mode
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Fig. 7. Simulation results of battery current, super capacitors current and load current with sinusoidal

Fig.7 represents the simulation results of Bat current, SCs
current and load current with sinusoidal current disturbance
under nominal mode, charge mode and discharge mode. It can
be seen from Fig.7 that when the proposed control strategy is
adopted, the SCs have effectively absorbed the sinusoidal and
transient perturbation, which achieves the disturbance rejection
on Bat current to a large extent and makes the Bat current
smoother.

Moreover, in order to compare the proposed new control
strategy with the traditional control method based on two PI
controllers, the simulations of this hybrid system only based on
PI controller with both of inner voltage loop and outer voltage
loop have been done as well.

Fig.8 represents the comparison simulation results of the
new control method in this paper and the previous control
method as discussed above. As shown in the red curve of Fig.8,
after utilizing the new method, the oscillations of the Bat
current have been reduced obviously compared with the
previous method. The ST controller has a function as an
effective low pass filter in this paper. Therefore, the proposed
control strategy is better than the previous method in terms of
disturbance rejection.

V. CONCLUSION

In this paper, a new disturbance rejection control strategy of
hybrid battery/super capacitors system based on a single
converter has been developed. The proposed control method
adopts one super twisting controller and one proportional
integral controller in the inner voltage loop and outer voltage
loop respectively. In order to protect the battery and super
capacitors, some constraints which are integrated in the anti-
windup scheme have been considered, such as the limitation of
battery current and super capacitors current. Finally, the
effectiveness of the proposed control strategy is validated by
simulation.
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